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Abstract: Alpha-synuclein is found in synaptic terminals at the base of both inner 
and outer hair cells, while the beta isoform is prominently localized to spiral 
ganglion neuron cell bodies. The present study assessed the role of beta-synuclein 
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Fine special and temporal resolution of sound stimuli is essential for normal auditory 
sensitivity.  Ribbon synapses of the inner hair cells may contribute to the ability of the auditory 
system to maintain adequate resolution.  The synaptic ribbon of the afferent synapse is known for 
its accuracy in coding fine structure of sounds differing in intensity and duration. It is also 
imperative that the system does not degrade with repetitive stimuli.  The fidelity of the auditory 
system is dependant upon its ability to sustain neurotransmitter release at high stimulus rates and 
levels.  Electron- dense synapse ribbon links at the inner hair cells in the cochlea are an essential 
aspect of sensory connections of neurons in the visual and auditory systems (Sterling and 
Matthews, 2008).  Based on previous studies, it is likely that vesicle movement toward or within 
the synaptic ribbon is regulated in part by a small family of synuclein proteins. 
 
Synuclein Proteins 
Synucleins are a small family of soluble proteins widely expressed in the central nervous 
system.  Alpha and beta are predominately expressed in the brain’s neocortex, hippocampus, 
thalamus, and cerebellum (Maroteaux et al 1988).  The synuclein family, which includes alpha, 
beta and gamma isoforms, is best known for the pathologic roles they play in neurodegenerative 
disorders and some cancers. Studies by Poloymeropoulous et al (1997) and Kruger et al (1998) 
linking alpha synuclein to Parkinson’s disease have generated a great deal of interest in 
understanding the mechanism of synuclein involvement in neurodegneration. Less is known 
about the normal physiological role of these proteins, although studies have clearly documented 






D (George, 2002).  Additional studies suggest a variety of other possible functions based 
primarily on their strong lipid binding characteristics, but clear evidence has yet to be 
demonstrated.  
 
Synucleins in the Auditory System 
Alpha, beta, and gamma synuclein proteins have been localized immunohistochemically 
in the cochlea of mice.  The findings of Akil and colleagues (2009) showed that alpha-synuclein 
localized primarily to synaptic terminals at the base of both inner and outer hair cells and less 
prominently to tunnel crossing nerve fibers.  Beta synuclein shared this localization, but was 
more prominently localized to the cell body cytoplasm of spiral ganglion neurons.  Additional 
studies in our lab confirm these findings and localized gamma-synuclein to supporting Dieter’s 
cells. 
The brainstem cochlear nucleus also demonstrated a unique localization pattern.  Alpha-
synuclein was only found in the dorsal cochlear nucleus and appeared as random profiles that 
could not be adequately associated with synaptic structures.  Beta-synuclein on the other hand 
was located in presynaptic terminals that form prominent rings around neurons of the ventral 
cochlear nucleus, both anterior and posterior divisions.  The gamma isoform co-localized here 
with beta-synuclein, but the staining pattern was much less prominent. This unique localization 
pattern suggests that even subtle alterations in synuclein expression or metabolism could affect 
auditory sensitivity. Yet, despite the localization pattern, a prominent functional role for these 








‘Knockout mice’, in which specific genes have been rendered dysfunctional, have 
become a common tool for dissecting sensorineural pathology.  Some studies of synuclein 
knockouts have not revealed a major phenotype (Chandra et al 2004; Abeliovich et al, 2000; 
Akil, 2008), yet others support functional importance of synuclein in maintenance of synaptic 
vessel pools. Effectively alpha synuclein knockout mice created using antisense oligonucleotide 
treatment showed decreased distal pool synaptic vesicles (Murphy et al, 2000). Alpha-synuclein 
was required for genesis or maintenance of presynaptic neurotransmitter, normal vesicle 
numbers, and vesicle mobilization. Cabin et al (2002) found that alpha-synuclein knockout mice 
had impaired responses to prolonged train or repetitive stimulation. Knockout mice had 50% 
fewer undocked vesicles in hippocampal synapses compared to the wt mice. Replenishment of 
vesicles was slower for the knockout mice with the mutant synapses. Abeliovich et al (2000) 
reported that mice lacking alpha synuclein have enhanced dopamine release at nigrostrital 
terminals in the presence of paired electrical stimuli. Chandra et al (2004) found a small decrease 
in dopamine, and moderate changes in synaptic signaling molecules, in alpha- and beta-synuclein 
double knockout mice. From the foregoing, synucleins may not be required for neurotransmitter 
release, but could add to the long-term regulation and maintenance of the presynaptic function. 
Results from a study by Greten- Harrison et al (2010) revealed alpha-, beta-, and gamma- triple 
synuclein knockout mice had and a 30% decrease in excitatory synapse size in vivo and in vitro.  
Knockout mice also had impaired synaptic structure and transmission, age-dependent neuronal 
dysfunction, and diminished neuron survival. A study by Chandra et al (2005) suggests that 






temperature, and pH changes may alter synuclein filament formation (Uversky et al, 2001, Norris 
et al, 2007). 
Synucleins may play a part in processes beyond neural function.  For example, recent 
studies have shown alpha synuclein may also have a role in insulin regulation. Geng et al (2011) 
showed that alpha-synuclein knockout mice had increased insulin secretion, and Kurz et al. 
(2010) found alpha synuclein may play a role in modulating glucose metabolism. The brains of 
alpha knockout mice exhibited advanced glycation end products formation. Beta synuclein has 
been found to play a role in the regulation of alpha synuclein. Fan et al (2006) studied transgenic 
mice and that over expressed beta synuclein. Over production of beta synuclein in transgenic 
mice resulted in decreased the expression of alpha synuclein.  
 
Present Study 
Based on the putative role of synucleins in both synaptic function and maintenance, we 
hypothesized that these proteins are important for normal signal transduction in the central 
auditory pathway.  The purpose of the present study was to examine the effects of alpha and beta 
synuclein deletions on auditory sensitivity in mice by examining auditory brainstem response 
thresholds (ABR) of young adult mice with targeted deletions of both alpha-and beta- synuclein. 
To further examine the role of these proteins in auditory sensitivity, we examined threshold 









MATERIALS AND METHODS 
Animals 
This study utilized 22 double-knockout mice matched to eight C57 wt non-littermate 
mice, eight alpha- synuclein knockout mice compared with seven wt littermates, and 13 beta- 
synuclein knockout mice compared to seven wt littermates. Both male and female animals were 
used in all groups. All mice were housed in the Washington University CID animal care facility 
on a 12:12 light:dark cycle.  Food and water were available ad libitum. All procedures were 
approved and conducted in accordance with the Washington University Animal Care and Use 
Committee. 
Initial breeding stock of the double knockouts was obtained from a commercial supplier 
(Jackson Laboratories, Bar Harbor, Maine).  This double knockout was developed on a mixed 
B6.129 background and was advertised as having subsequently been backcrossed several 
generations to the C57Bl/6J strain.  Once received, these mice were backcrossed two additional 
generations before producing offspring for experimental use.  Selected offspring expressing only 
the alpha or beta targeted deletion were then bred to C57 wild type mice to generate the 
heterozygous single knockout breeding pairs.   
 
Auditory Brainstem Response 
 Prior to recording ABR waveforms, an 80 mg/kg ketamine, 15 mg/kg zylazine, IP 
anesthetic solution was administered. Mice were placed in a sound-proof booth and ABR 
thresholds were differentially recorded from the scalp. Responses were recorded using subdermal 






Recordings were conducted and analyzed using Tucker-Davis Technologies (TDT) System II 
hardware and BioSig 33 software. Calibration data was obtained prior to each recording session.  
Waveforms were recorded in 5dB SPL intervals and thresholds were identified by visual 
inspection and defined as the lowest stimulus level at which response peaks for wave I-V were 
present.  Wave I of the ABR is usually the most robust waveform in the mouse ABR, and is 
considered to be produced by early auditory nerve and cochlear activity (Zheng et al., 1999).  
Hence, thresholds were observed as the lowest level that wave I could be identified. Thresholds 
were recorded at 5, 10, 20, 28.3 and 40 kHz. Baseline ABRs were measured prior to noise 
exposure, again at 24 hours post noise exposure to assess acute threshold shifts, and finally at 14 
days post noise to measure any permanent threshold shift.  
 
Noise Exposure 
Noise exposures and ABR recordings were carried out in a foam-lined, double-walled 
soundproof room. Noise exposures were conducted using a 21 x 21 x 11-cm wire cage mounted 
on a platform. The cage rotated in order to insure equal. Eight wt mice and nine double knockout 




   After functional ABR thresholds were recorded for each mouse, tissues were preserved 
by transcardial and/or round window perfusion with a solution of mixed aldehydes (4% 






processed and embedded in paraffin or epoxy resin and sectioned at a thickness of 4-5 μm in the 
midmodiolar plane.   All tissue processing and sectioning was conducted by the RCAVS 
Histology Core facility in the Department of Otolaryngology at Washington University. 
 
Immunohistochemistry 
Immunohistochemistry was used to describe the localization of alpha- and beta-synuclein 
proteins in cochlear tissues and to confirm their absence in tissues from knockout mice.  
Cochlear tissues for immunohistochemical localization of synuclein proteins were embedded in 
paraffin and sectioned at a thickness of 5 μm in the midmodiolar plane.  Sections were then 
deparaffinized through a series of xylene and ethanol solutions and subjected to staining 
procedures using Vector ABC Kits as described by the manufacturer (Vector Labs, Burlingame, 
CA).  Primary antibodies were obtained commercially and used at predetermined dilutions as 
follows: mouse anti-alpha-synuclein (BD Transduction Labs), used at 1:300; rabbit anti-beta-
synuclein (Epitomics), used at 1:400.  Sections were permeabolized for ten minutes in 0.1% 
triton x-100, endogenous peroxidase quenched in 1.0% H2O2 for 30 minutes, and then placed in 
blocking solution containing 5% normal goat serum for one hour.  Primary antibodies were 
applied for four hours at room temperature then rinsed in PBS, treated with biotinylated 
secondary antibody, rinsed, incubated in ABC Reagent, rinsed, and colorized with 0.06% 
diaminobenzidine for 5 minutes.  Sections were then rinsed in water and allowed to air dry 








Western Blot Analysis 
Western blot analysis was used to characterize the specificity of antibodies used and to 
confirm the lack of alpha and beta synuclein proteins in their respective knockout mice.  Briefly, 
brain tissue homogenates were prepared and run on SDS-PAGE alongside molecular weight 
standards.  Proteins were transferred to PVDF membrane and labeled with antibodies to alpha 
(BD Transduction labs) and beta-synuclein (Epitomics) followed by fluorescent-conjugated 
secondary antibodies and imaged with a Li-Cor Odyssey imager. 
 
Histomorphometric Measures 
Morphometric measures were used to compare hair cell and spiral ganglion cell 
populations of double knockout animals and their wild type control group to see if identifiable 
changes in sensory cells or neurons could explain the functional deficit observed in the double 
knockout mice.  Inner and outer hair cell counts were conducted from photographs of 
midmodiolar sections and expressed as mean cell number per organ of Corti profile at apical, 
middle and basal cochlear regions.  Spiral ganglion cell density (number of SGC with nucleoli 
present per105 μm2) was also determined from microphotographs for each cochlear region.  In 
addition, mean SGC size of this nucleolated population was determined by outlining each cell 
using analySIS® image detection software (Soft Imaging System, Lakewood, CO). 
 
Statistical Analysis 
Auditory brainstem response threshold means for each knockout/wild type group were 






Holm-Sidak multiple comparisons tests were used when indicated to describe the specific 
localization of significant main effects.  Statistical significance was defined as a p value less than 
0.05.  
OHC density and spiral ganglion cell density and size comparisons were also analyzed 
using a two-way Analysis of Variance (ANOVA) across genotype and region. Again, statistical 
significance was defined as a p value less than 0.05. 
 
RESULTS 
Baseline Auditory Thresholds 
Mice with individual targeted deletions of the alpha or beta synuclein proteins did not result in 
significant ABR threshold changes compared to their wild type littermates (Figure 1, A and B). 
Double knockout mice with deletions of both synuclein isoforms resulted in significant threshold 
elevations of 20-28 dB at all stimulus frequencies tested (Figure 1C).  A two-way ANOVA 
revealed a strong effect due to genotype (p<0.001), which was shown by multiple comparisons 
analysis to be significant for all five stimulus frequencies tested.   
 
Permanent Threshold Shifts following Noise Exposure 
At two weeks post-noise the wt and double knockout mice demonstrated different 
amounts of threshold shift, such that final thresholds were similar for both genotypes at all 
frequencies except 5 kHz, where knockout mice retained significantly higher thresholds 
compared to wt controls (Figure 2).  The frequency difference at 5 kHz was only seen in the 







Figure 1.  Auditory Brainstem Response 
Thresholds. ABR threshold measurements of wt 
compared to alpha-synuclein knockouts revealed no 
differences in threshold due to genotype at any of the 
stimulus frequencies (top). ABR threshold 
measurements of wt compared to beta-synuclein 
knockouts revealed no differences in threshold due to 


















Figure 2.  Threshold elevations following 
noise exposure. Two weeks post-noise the 
wild-type and double knockout mice 
demonstrated disparate threshold shifts that 
resulted in similar auditory thresholds at all 
frequencies except 5 kHz, where knockout 
mice retained significantly higher thresholds 
compared to wild-type controls. 
 
 
Cochlear Histology, Immunohistochemistry and Morphometric Analysis 
 Evaluation of semithin plastic sections counterstained with toludine blue was limited to a 
comparison of double knockout and wild type mice since this was the only population to 
demonstrate functional differences.  Careful inspection under the microscope revealed no 
obvious changes in structure or appearance to the sensory epithelium (organ of Corti) of double 
knockout mice compared to their wild type controls.  Inner and outer hair cells and supporting 
cells of both genotypes appeared normal morphologically and demonstrated similar staining 
patterns.  No evidence of cell loss was noted.  Further, no obvious differences in other cochlear 






Figure 3.  Normal cochlear histology of 
alpha/beta double knockout mice.  Routine 
histological evaluations as well as 
morphometric analyses were conducted from 
semithin plastic sections of cochleae taken in 
the midmodiolar plane (upper right) and 
counterstained with toluidine blue.  Higher 
magnification photographs from apical, middle 
and basal regions of both organ of Corti (lower 
left) and Rosenthal’s canal (lower right) 
revealed no obvious morphological differences 
between double knockout (shown) and wild 




 Immunohistochemical and western blot analyses confirmed previous findings regarding 
the localization of alpha and beta synuclein proteins and their absence in the respective knockout 
mice.  Alpha-synuclein was localized most prominently to presumed nerve terminals at the base 
of both inner and outer hair cells (not shown).  Beta-synuclein was prominently localized to the 
somata cytoplasm of spiral ganglion neurons (Figure 4) and less prominently co-localized with 
the alpha isoform at the base of the hair cells.  Western blot analysis confirmed the loss of 








Figure 4.  Immunohistochemistry confirmation of protein loss in knockout animals. 
Microphotographs represent similar regions of spiral ganglion neurons, which stained 
prominently for beta synuclein in wild type tissues (left).  In contrast, spiral ganglion neurons in 










Figure 5. Western Blot Analysis. Western blot analysis demonstrates alpha and beta-synuclein 
isoforms at expected sizes (arrows) and confirms the absence of these proteins in their respective 
single knockout and double knockout tissues.  Lanes represent brain protein homogenates from 
wild type (WT) and alpha-synuclein knockout (αKO) littermates, WT and beta-synuclein 
knockout (βKO) littermates and the double knockout (2KO).  A primary antibody to beta-
synuclein (Epitomics rabbit anti-beta-synuclein) was used to probe the blot on the bottom and a 
mouse antibody to alpha-synuclein (BD Transduction Labs) was used on the top. 
 
 Double knockout and wild type mice showed a significant difference in spiral ganglion 
cell density across genotype (P=0.05), but no significant interaction between genotype and 
cochlear region was found.  To see if this difference could be explained by a difference in cell 
size, individual spiral ganglion cell size area measures were analyzed from four wild type and 






(P<0.001).  Subsequent multiple comparisons analysis revealed that cell sizes were not 
significantly different in the apical region of the cochlea.  However, there was a 12% reduction 
in individual SGC size in the middle region of double knockouts compared to wild type mice, 
and a similar 16% reduction in the basal turn (p < 0.001 for each comparison, Figure 6).  
 
DISCUSSION 
Studies have shown that synuclein proteins may be important for creating and sustaining 
resting pools of synaptic vesicles or simply facilitating the movement of these vesicles to the 
presynaptic membrane prior to fusion.  This functional attribute coincides well with our 
localization of synuclein proteins to the base of the inner and outer hair cells.  It is not known 
whether the proteins are localized to afferent or efferent synapses, but either or both would 
indicate a possibly significant role in neuronal transmission in the auditory system (Cabin et al., 
2002; Akil, 2008).  
The present study revealed elevated auditory thresholds at all frequencies as a result of 
the deletion of alpha and beta-synuclein proteins. Single deletions of either alpha or beta 
synuclein proteins did not result in statistically significant threshold changes. This is consistent 
with many single synuclein knockout studies which show little phenotype for single synuclein 
knockouts in systems other than the auditory system (Chandra et al., 2004; Abeliovich et al., 
2000; Akil, 2008).  Yet, since deletion of both proteins results in decreased hearing sensitivity 
and deletion of single proteins did not result in decreased hearing sensitivity, it is possible that 






Furthermore, results suggest that deletion of alpha and beta-synuclein protein does not affect 
susceptibility to noise damage.  
Histological analysis did not reveal any morphological changes that would explain the 
observed functional deficits.  Perhaps subtle changes in synaptic efficacy must account for the 
elevated thresholds seen in double knockout mice.   The initial morphometric analysis revealed a 
reduction in spiral ganglion cell density in double knockout mice compared to wild type controls.  
Further examination of ganglion cell size suggests that this size difference is responsible for the 
detected change in population density since both density and size differences were both limited 
to middle and basal regions of the cochlea.  This reduction in spiral ganglion cell size may reflect 
the cause of the hearing deficit in these mice or it may an atrophy of this cell type as a result of 
the hearing loss. Since synucleins develop at the same time as hearing begins, the size reduction 
may likely be a result of the hearing loss from reduction in activity of those regions. 
Developmental studies in which size of the spiral ganglion cells is monitored over time may help 
to answer this question.   
There were several limitations inherent to the present study.  The most important of these 
limitations concerns the use of the C57 strain of mice.  C57 mice carry the Ahl gene which 
makes them susceptible to early age-related hearing loss, thus they are not an optimal strain for 
auditory studies.  Mice in the present study were tested at 7-8 weeks of age, prior to any 
suspected age-related hearing loss at the time of baseline measures, but subsequent noise 
exposure studies could be confounded by age-related hearing loss, especially at higher 
frequencies.  Another potential shortcoming was that some of the animals tested were found to 






excluded from the study and were not used in further analysis. It cannot be known for certain 
whether some mice possessed otitis symptoms during testing that cleared by the time of sacrifice.  
A final limitation was the inability to use true littermate controls for the double knockout and wt 
comparisons.  
  
Figure 6. Histomorphometric measures reveal a reduction in SGC size in double knockout 
mice compared to wild type controls.  OHC count, spiral ganglion cell size, and spiral ganglion 
cell density graphs. A) Evaluation of OHCs revealed the lower, middle regions had statistically 
fewer outer hair cells for the double KOs (P<0.05). B) There was a 12% reduction in individual 
Spiral ganglion cell size in the middle region and a 16% reduction in the basal regions of the 
cochlea for the double KO mice (red) versus the wt mice (green) (P<0.05). * Denotes statistical 
significance. C) Spiral ganglion cell density measurements revealed no significant difference 











Abeliovich A., Schmitz Y., Farinas I. (2000). Mice lacking alpha-synuclein display functional 
deficits in the nigrostriatal dopamine system. Neuron, 25, 239-252. 
 
Akil et al. (2008). Localization of synucleins in the mammalian cochlea. JARO, 9, 452-463.  
 
Ashmore, J. (2008). Cochlear outer hair cell motility. Physiol. Rev, 88, 173-210. 
 
Cabin  D.E., Shimazu K., Murphy D. et al. (2002). Synaptic vesicle depletion correlates with 
 attenuated synaptic responses to prolonged repetitive stimulation in mice lacking alpha-
synuclein. J Neuroscience, 22(20), 8797-8807. 
 
Chandra, S., Gallardo, G., Fernandez-Chacon, R., Schluter, O.M., Sudhof, T.C. (2005). Alpha-
synuclein cooperates with cspα in preventing neurodegeneration. Cell, 123, 383-396.  
 
Fan, Y., Limprasert, P., Murray, I., Smith, A., Lee, V. Trojanowski, J., Sopher, B., La  Spada, A. 
(2006). B-synuclein modulates Alpha-synuclein protein expression. Human Molecular 
Genetics, 15(20), 3002-3011. 
 
George, J.M. (2002). The synucleins. Genome Biology, 3, 1e6.3.  
 
Geng, K., Lou, H., Wang, J., Li, L., Swanson, A.L., Sun, D.B., Beers-Stolz, D., Watking, S., 
Perez, R.G., & Drain, P.  (2011). Alpha-Synuclein binds the KATP channel at insulin-
secretory granulates and inhibits insulin secretion. American Journal of Physiology 
Endocrinology & Metabolism, 300, 276-286.  
 
Greten- Harrison, B., Polydoro, M., Morimoto-Tomita, M., Diao, L., Williams, A.M., Nie, E.H., 
Makani, S., Tian, N., Castillo, P.E., Buchman, V.L., & Chandra, S.S. (2010). Alpha-, 
Beta-, Gamma- synuclein triple knockout mice reveal age-dependent neuronal 
dysfunction. PNAS, 107(45), 19573-19578. 
 
Hudspeth, A.J., Mechanical amplification of stimuli by hair cells. Current Opinion in 
Neurobiology, 7(4), 480-486. 
 
Kruger, R., Kuhn, W., Muller, T., Woitalla, D., Graeber, M., Kosel, S., et al. (1998). Ala30pro 
mutation in the gene encoding alpha-synuclein in Parkinson’s disease. Nat. Genet, 18, 
106-108.  
 
Kurz, A., Rabbani, N., Walter, M., Boni, M., Thornalley, P., Auburger, G., & Gispert, S. (2010). 
Alpha-synuclein deficiency leads to increased glyoxalase I expression and glycation 
stress. Cellular and Molecular Life Sciences, 68, 721-733.  
 






H., Rubenstein, J., Boyer, R., Stenroos, E.S., Chandrasekharappa, S. et al. (1997). 
Mutation in the alpha-synuclein gene identified in families with Parkinson’s disease. 
Science, 276 (5321), 2045-2047.  
 
Ji H, Liu YE, Jia T. et al. (1997). Identification of a breast cancer-specific gene, BCSG1 by 
direct differential cDNA sequencing. ,57(4), 759-764.  
 
Maroteaux, L., Campanelli, J. T., Scheller, R.H. (1988). Synuclein: a neuron-specific protein 
localized to the nucleus and presynaptic nerve terminal. J. Neuroscience, 8(8), 2804-
2815. 
 
Murphy D.D., Rueter S.M., Trojanowski J.Q. et al. (2000). Synucleins are developmentally 
expressed, and alpha-synuclein regulates the size of presynaptic vesicular pool in primary 
hippocampal neurons. J Neuroscience, 20(9), 3214-3220.  
 
Norris, E.H., Uryu, K., Leight, S., Giasson, B.I., Trojanowski, J.Q., Lee, V.M-Y. (2007).  
  Pesticide exposure exacerbates α-synucleinopathy in an A53T transgenic mouse model.  
  The American Journal of Pathology, 170(2), 658-666. 
 
Surguchov, A. (2008). Molecular and cellular biology of synucleins. International  
  Review of Cell and Molecular Biology, 270, 225-317.   
 
Uversky, N.V., Li, J., & Fink, A.L. (2001). Evidence for a partially folded intermediate alpha-
synuclein fibril formation. J of Bio Chem, 276 (14), 10737-10744. 
 
Zheng, J., Shen, W., He D.Z., Long K.B., Madison L.D., & Dallos P. (2000). Prestin in the motor 
protein of cochlear outer hair cells. Nature, 405.  
 
Zheng, Q.Y., Johnson, K.R., Erway, L.C. (1999). Assessment of hearing in 80 inbred strains of 
mice by ABR threshold analyses. Hearing Research; 130(1-2): 94-107 
 
 
 
 
